[1] Transport and acceleration of the 5-50 keV electrons from the plasma sheet to geostationary orbit were investigated. These electrons constitute the low-energy part of the seed population for the high-energy MeV particles in the radiation belts and are responsible for surface charging. We modeled one nonstorm event on 24-30 November 2011, when the presence of isolated substorms was seen in the AE index. We used the Inner Magnetosphere Particle Transport and Acceleration Model (IMPTAM) with the boundary at 10 R E with moment values for the electrons in the plasma sheet. The output of the IMPTAM modeling was compared to the observed electron fluxes in 10 energy channels (from 5 to 50 keV) measured on board the AMC 12 geostationary spacecraft by the Compact Environmental Anomaly Sensor II with electrostatic analyzer instrument. The behavior of the fluxes depends on the electron energy. The IMPTAM model, driven by the observed parameters such as Interplanetary Magnetic Field (IMF) B y and B z , solar wind velocity, number density, dynamic pressure, and the Dst index, was not able to reproduce the observed peaks in the electron fluxes when no significant variations are present in those parameters. We launched several substorm-associated electromagnetic pulses at the substorm onsets during the modeled period. The observed increases in the fluxes can be captured by IMPTAM when substorm-associated electromagnetic fields are taken into account. Modifications of the pulse front velocity and arrival time are needed to exactly match the observed enhancements.
Introduction
[2] The fluxes of electrons with energies from about 5 to 50 keV are not usually analyzed in details when studying the electron radiation belts. These fluxes constitute the low-energy part of the seed population, which is critically important for radiation belt dynamics. It is through cyclotron resonance with the electrons of energies between a few and tens of keV [Kennel and Petschek, 1966; Kennel and Thorne, 1967; Li et al., 2008 Li et al., , 2012 that chorus waves are generated outside the plasmapause in association with the injection of plasma sheet electrons into the inner magnetosphere [Tsurutani and Smith, 1974; Meredith et al., 2001] . Whistler mode chorus waves play an important role in accelerating the seed electron population to relativistic energies in the outer radiation belt Chen et al., 2007] . Radiation belt models need to specify the flux at a low-energy boundary at all L shells. Moreover, energetic electrons with energies less than about 100 keV are responsible for hazardous space-weather phenomena such as surface charging [Purvis et al., 1984; Whipple, 1981; Garrett, 1981; Davis et al., 2008] . This has been the cause of anomalies, for example, on satellites in geosynchronous orbit [Frezet et al., 1988; Hoeber et al., 1998; Koons et al., 1999] . The electron flux at these 5 to 50 keV energies varies significantly with geomagnetic activity and even during quiet time periods.
[3] The geostationary electron model IGE-2006 was developed by Sicard-Piet et al. [2008] for the wide range of energies from 1 keV to 5.2 MeV. Data from all the instruments from the geosynchronous orbit satellites operated by the Los Alamos National Laboratory (LANL) over the period from 1976 to 2006 in combination with the data from the Japanese geostationary spacecraft, Data Relay Test Satellite, were used. This new model allows one to obtain electron fluxes over a solar cycle, and it can be used for any mission longer than 1 year. Comparison to the NASA AE 8 model revealed that the model electron fluxes are higher than those given by the AE 8 model for the low-energy channels (<100 keV). At the same time, the usage of this climatological model for specific cases is problematic.
[4] The source of the low-energy electrons is the plasma sheet. Korth et al. [1999] have analyzed the data from the Magnetospheric Plasma Analyzer (MPA) instruments [Bame et al., 1993] on three LANL satellites for a statistical study of electron fluxes with energies between 1 eV and 45 keV at geosynchronous orbit and their dependence on local time and geomagnetic activity level as measured by Kp. They calculated the positions of the separatrix between open and closed drift trajectories as a function of particle energy, local time, and geomagnetic activity level. The comparisons confirmed the predictions of plasma sheet access to the geosynchronous region. Friedel et al. [2001] analyzed the electron data from the Polar Hydra instrument [Scudder et al., 1995] using its coverage of the inner magnetospheric region at radial distances from 2 to 9 R E and geosynchronous data measured by the LANL MPA sensors. They showed that the simple corotation and convection electric field can describe rather well the average properties of transport for these particles for a wide range of geomagnetic activity and over a large part of the inner magnetosphere. As it was shown by Thomsen et al. [2002] , the sharp upper edge of the nightside electron plasma sheet energy distribution observed at geosynchronous orbit by LANL MPA can provide a measure of the effective strength of the convection electric field that transports plasma sheet material into the inner magnetosphere. They found that the temporal profile of convection typically consists of a sequence of bursts, where each convection enhancement lasts no more than a fraction of an hour. According to simultaneous multipoint measurements, these convection enhancements are observed first near midnight and then propagate sunward with speeds of 5-30 km/s. Denton et al. [2005] presented a comprehensive study of plasma properties at geosynchronous orbit between 1990 and 2001 using LANL MPA data. They found that the electron densities are greatest in the dawn region for the periods of highest convection. They demonstrated that the density of electrons in the plasma sheet is strongly dependent upon the magnetospheric convection strength and upon solar activity. Electron density at geosynchronous orbit is strongly correlated with solar activity. Observational studies using the electron data from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft [Kurita et al., 2011] and particle-tracing studies [Elkington et al., 2004; Miyoshi et al., 2006] reconfirmed the previous results on the large-scale convection electric field controlling the electron transport to the inner magnetosphere. Furthermore, several studies have noted the existence of localized and short-lived flow channels in the electric potential patterns from the assimilative mapping of ionospheric electrodynamics (AMIE) model [e.g., Boonsiriseth et al., 2001; Chen et al., 2003; Khazanov et al., 2004a Khazanov et al., , 2004b .
[5] Significant variations in the low-energy electrons can be seen during isolated substorms, not related to any storm periods. Moreover, electron flux variations depend on the electron energy. Early studies using observations from Russian Raduga communication geostationary satellites [Vakulin et al., 1988; Grafodatskiy et al., 1987] and modeling efforts [Degtyarev et al., 1990] have shown that under magnetically quiet conditions the features of the spatial distribution of low-energy electrons along the geostationary orbit are due to isolated substorm disturbances.
[6] Kozelova et al. [2006] used data from the Combined Release and Radiation Effects Satellite (CRRES) to examine the dynamics of low energy (100 eV to 30 keV) ions and electrons using Low Energy Plasma Analyzer (LEPA) data [Hardy et al., 1993] near the onset of the substorm on 12 March 1991. CRRES was located on L = 6.3 (and at 21.5 magnetic local time (MLT)) near the earthward edge of the plasma sheet. It was shown that the electron fluxes with energies from 0.213 keV to 1.88 keV increase during the substorm growth phase. The electron flux is almost constant in the energy range from 2.47 keV to 5.57 keV. The electron flux decreases in the energy range from 7.31 keV to 16.5 keV. At substorm onset, the electron flux in four adjacent energy channels in the range of 7.31-16.5 keV grows sharply and exceeds the level which it had before the beginning of the growth phase. The second injection of 21.7-28.5 keV electrons occurs during the substorm expansion phase.
[7] Observations show that substorm-associated electric fields are usually very complex [Maynard et al., 1996] and can be intense with a strong impulsive component with amplitudes of up to even several tens of mV/m [Aggson et al., 1983; Cattell and Mozer, 1984; Wygant et al., 1998; Rowland and Wygant, 1998; Tu et al., 2000] . Injections of energetic particles and dipolarization of the magnetic field are well-known signatures of a substorm in the nearEarth space. Several models have been proposed to explain particle injections [Li et al., 1998; Zaharia et al., 2000; Sarris et al., 2002] . So far, these models give good agreement with the observed dispersionless electron injections at geostationary orbit [Ingraham et al., 2001; Li et al., 2003; Mithaiwala and Horton, 2005; Liu et al., 2009] . Recently, Ganushkina et al. [2013] investigated the transport and acceleration of low-energy electrons (50-250 keV) from the plasma sheet to geostationary orbit. It was found that the large-scale convection in combination with substormassociated impulsive fields are the drivers of the transport of plasma sheet electrons from 10 R E to geostationary orbit at 6.6 R E during storm times. Similarly, Fok et al. [2001] conducted numerical studies of rapid enhancements of radiation belt electron fluxes due to substorm dipolarizations, and Khazanov et al. [2004b] found that electric field fluctuations could provide substantial increases in inner magnetospheric electron seed population fluxes.
[8] Up to now, there have been only a few studies on the details of the responses of certain energy channels when measuring electrons below 50 keV to substorm variations during nonstorm periods. In the present paper, we investigate the low-energy electron (5-50 keV) transport and acceleration from the plasma sheet to geostationary orbit. We specifically study the roles of large-scale convection and substorm-associated fields. We use the Inner Magnetosphere Particle Transport and Acceleration model (IMPTAM) [Ganushkina et al., , 2006 with the boundary at 10 R E in the plasma sheet, where we set boundary conditions for the low-energy electrons following Tsyganenko and Mukai [2003] . We model one rather quiet event on 24-30 November 2011, when isolated substorms were present in the AE index. The significant variations seen in the observed fluxes can be associated only with substorm activity. We follow the evolution of the electron distribution function from 10 R E to 6.6 R E , and we launch a series of substorm-associated electromagnetic pulses at substorm onsets to represent the changes, which occur during substorm dipolarizations. The output of the IMPTAM modeling is compared to the observed electron fluxes in 10 energy channels (5-50 keV) measured at geostationary orbit. We present and discuss the different responses of these energy channels to the substorm activity during this nonstorm event.
Event Overview
[9] The event on 24-30 November 2011 (Figure 1 ) was, in general, rather quiet but with the signatures of substorm activity. During the first 3 days, the Interplanetary Magnetic Field (IMF) B z (Figure 1a ) oscillated around zero, not exceeding˙5 nT. The solar wind velocity (Figure 1b) was also quite stable, about 400 km/s. The solar wind dynamic pressure (Figure 1c ) was about 1.2 nPa with few variations. The Kp index (Figure 1d ) reached 3 at the end of 24 November, and it was not more than 2 during the next 2 days. There were two substorm activations seen in the AE index (Figure 1e) with peaks of about 500 nT around 1800 UT and 2200 UT on 24 November, when the IMF B z showed turns to negative values. On 25 and 26 November, several peaks in the AE index with less than 200 nT values are seen. The SYM-H index (Figure 1f ) was around -20 nT from the end of 24 November through the beginning of 25 November and, then, close to zero. During 27 November, two periods of short negative IMF B z of about -5 nT corresponded to two substorm activations with AE peaks of 700 nT at around 0800 UT and 800 nT at around 1700 UT. Solar wind speed increased from 350 km/s to 470 km/s during that day. Solar wind dynamic pressure reached 4 nPa at around 1000 UT, Kp was 2, and SYM-H was about -15 to -20 nT.
[10] The largest variations were observed at the end of 28 November to the beginning of 29 November. IMF B z dropped to -11 nT at around 2300 UT on 28 November and then jumped to +13 nT at around 0300 UT on 29 November. At the same time with the IMF B z drop, the solar wind velocity increased sharply from 350 km/s to 530 km/s. Simultaneously, solar wind dynamic pressure reached 6 nPa at 2330 UT. Kp became equal to 4, AE displayed a peak of 500 nT, and SYM-H dropped from +20 nT to -20 nT. During the last 2 days of the event, there were several negative turns in IMF B z reaching about -7 nT. Solar wind speed was at the level of about 430 km/s. Solar wind dynamic pressure displayed two peaks of about 12 nPa at 0200 and 0600 UT on 29 November then was about 4 nPa and decreased to 1.3 nPa on 30 November. Kp was around 3 and Dst showed variations of -30 nT reaching -40 nT at the end of 30 November. Substorm activations were seen in AE with peaks of 650 nT at about 0700 UT and 750 nT at about 1700 UT on 29 November. More prolonged activation started at about 1100 UT on 30 November with 800 nT and reached 940 nT at 1800 UT. The last peak was of 400 nT at about 2300 UT. [11] The data which we analyze in the present paper come from the AMC 12 geostationary satellite which was at 322.5 ı E. The AMC 12 satellite has a CEASE II (Compact Environmental Anomaly Sensor) instrument [Dichter et al., 1998 ], which contains an electrostatic analyzer (ESA) and is a suite of various sensors intended to measure the in situ space environment at the host spacecraft. The instrument contains a Lightly Shielded Dosimeter, a Heavily Shielded Dosimeter, a Particle Telescope (measuring high- energy electrons and protons), and an electrostatic analyzer for measuring low-energy electron fluxes in 10 channels, covering the range 5-50 keV.
Instrumentation and Data
[12] The CPA (Charge Plate Assembly) sensor [Bogorad et al., 1995] is used to measure the surface charging effect that is due to these keV-energy electrons. This sensor was at another geostationary spacecraft, NSS-803, which was at 340 ı E (roughly 1 h of local time to the east), and the signatures from the CEASE II and CPA sensors can be compared under the assumption that both satellites are exposed to the same charged particle environment. During the periods of increased low-energy electron fluxes, there exist the clear increase in the spacecraft potential magnitudes.
Modeling Approach

Inner Magnetosphere Particle Transport and Acceleration Model
[13] The Inner Magnetosphere Particle Transport and Acceleration model (IMPTAM), developed by Ganushkina et al. [ , 2005 Ganushkina et al. [ , 2006 , simulates distributions of ions and electrons with arbitrary pitch angles moving from the plasma sheet to the inner L shell regions. Particles with energies up to hundreds of keVs are followed in time-dependent magnetic and electric fields. Recently, a detailed description was presented in Ganushkina et al. [2012 Ganushkina et al. [ , 2013 .
[14] We consider the drift velocity as a combination of the E B drift velocity and the velocities of gradient and curvature drifts. We assume that the first and second adiabatic invariants are conserved. We consider the bounceaverage drift velocity after averaging over one bounce of E B magnetic drift velocities [Roederer, 1970] 
where E 0 and B 0 are the electric and magnetic fields in the equatorial plane, respectively, p is the particle's momentum, [15] The changes in the distribution function f (R, , t, E kin ,˛), where R and are the radial and azimuthal coordinates in the equatorial plane, respectively, t is the time, E kin is the particle energy, and˛is the particle pitch angle, are obtained by solving the following equation:
where V and V R are the azimuthal and radial components of the bounce-average drift velocity. Liouville's theorem is used to gain information of the entire distribution function with losses taken into account.
[16] For the obtained distribution function, we apply radial diffusion [Fälthammar, 1965; Schulz and Lanzerotti, 1974; Brautigam and Albert, 2000] by solving the radial diffusion equation [Schulz and Lanzerotti, 1974] for the distribution function from equation (2):
where eL is the electron lifetime, and D LL is the radial diffusion coefficient. Kp-dependent radial diffusion coefficients D LL for the magnetic field fluctuations are computed following Brautigam and Albert [2000] using
Since diffusion by the magnetic field fluctuations at L > 3 dominates diffusion produced by electrostatic field fluctuations [Shprits and Thorne, 2004] , we ignore the electrostatic component of the radial diffusion coefficient [Lejosne et al., 2013] .
[17] At the next time step we repeat the order of calculation: First, we solve transport with losses with equation (2) and then apply diffusion with equation (3).
[18] The goal of this study is to investigate how the substorm-associated fields can be responsible for the access of plasma sheet electrons with low energies (<50 keV) to the geostationary orbit during quiet times. For electron losses we consider convection outflow, when a particle intersects the magnetopause and moves away from the modeled region, and pitch angle diffusion, when particles are lost to the atmosphere due to pitch angle scattering. To represent the pitch angle diffusion, we introduce the electron lifetimes.
We use the Chen et al. [2005] electron lifetimes for strong diffusion as
where p is the particle momentum, is the ratio of relativistic mass to rest mass, B h is the magnetic field at either foot point of the field line, ‰ is the magnetic flux tube volume, Á = 0.25 is the backscatter coefficient (25% of electrons that will mirror at or below 0.02 R E are scattered back to the flux tube instead of precipitating into the atmosphere). We use the Shprits et al. [2007] electron lifetimes for weak diffusion as
where B w is the local wave amplitude and E is kinetic energy in MeV.
[19] Sources for the modeling are particles in the plasma sheet which are constantly coming to the inner magnetosphere regions. We set the model boundary at 10 R E and use the kappa electron distribution function (k = 1.5) with number density n and temperature T given by the empirical model derived from Geotail data by Tsyganenko and Mukai [2003] . The results presented as a part of the review paper by Horne et al. [2013] indicated that decreasing k parameter from 5 to 1.5 gave the best agreement between the modeled and the observed electron fluxes with 50-150 keV energies at geostationary orbit. The electron n is assumed to be the same as that for ions in the model but Te/Ti = 0.2 is taken into account (as was shown, for example, in Kaufmann et al. [2005] and Wang et al. [2012] , based on Geotail and THEMIS data). We also introduced a time shift of 2 h following Borovsky et al. [1998] for the solar wind material to reach the midtail plasma sheet. The evolution of the modeled electron distributions was followed using a dipole model for the internal magnetic field and T96 [Tsyganenko, 1995] [Volland, 1973; Stern, 1975] type convection electric field pattern. This combination of models was successfully used [Ganushkina et al., 2013] to study the transport and acceleration of 50-250 keV electrons with the comparison to the observed electron fluxes in four energy ranges (50-225 keV) measured on board the LANL spacecraft by the Synchronous Orbit Particle Analyzer (SOPA) instrument.
Modeling Results
[20] The output of the IMPTAM modeling was compared to the observed electron fluxes in 10 energy ranges measured onboard AMC 12 spacecraft by the CEASE II ESA instrument for the 24-30 November 2011 event. It should be stressed that the absolute flux values presented here may not be correct due to uncertainties in the sensor geometric factors. When we analyze the data, it is the relative variations of the flux data that we compare, rather than the absolute fluxes. Nevertheless, we compare the values of the observed and modeled fluxes in the paper keeping in mind the above remark. Here we will focus on the data and model output for selected time periods on 25 November and 28-29 November. [21] The data are in the format of time-averaged differential fluxes (#/(cm 2 sec sr eV)). The output from the model is integral flux (#/(cm 2 sec)) produced by all electrons coming from all directions with energies in the 10 given energy ranges. In order to be able to compare the observed and modeled fluxes more properly, we need to introduce the width of the energy channel and the solid angle 4 . So the model electron fluxes are in model flux/(4 E).
Little or No Variations in Solar Wind and IMF Parameters Driving the Model
[22] First, we concentrate on 25 November 2011 time period out of the 24-30 November 2011 event. Figure 2 presents the data and modeling results for 25 November 2011. Figures 2a and 2b show the observed IMF B z and AE index, respectively. As it can be noticed, variations in IMF B z were rather small, not more than˙4 nT. Several southward turnings resulted in small substorm activations seen in the AE index.
[23] Figure 2c shows the measured electron fluxes at geostationary orbit by the CEASE II ESA instrument on board the AMC 12 satellite in the first five energy channels: 39.7-50.7 keV (black lines), 31.1-39.7 keV (blue lines), 24.3-31.1 keV (green lines), 19.1-24.3 keV (red lines), and 15.0-19.1 keV (pink lines). Figure 2e shows the measured electron fluxes in the other five energy channels: Figure 3 . Flux versus energy spectrum of the observed fluxes before the AE peak (black lines) and at the peak (dashed black lines), the modeled fluxes without addition of electromagnetic pulses before the peak (blue lines) and at the peak (dashed blue lines), and the modeled fluxes with addition of electromagnetic pulses before the peak (red lines) and at the peak (dashed red lines) for (a) first and (b) second AE peaks on 25 November 2011.
11.8-15 keV (orange lines), 9.27-11.8 keV (magenta lines), 7.29-9.27 keV (light pink lines), 5.74-7.29 keV (light blue lines), and 4.81-5.74 keV (dark green lines). Blue and yellow vertical lines indicate local midnight and noon, respectively.
[24] During 25 November there were three disturbance activations seen in AE as increases of more than 100 nT: from 0100 to 0400 UT with AE about 200 nT, from 0630 to 0730 UT with AE about 150 nT, and from 1430 to 1700 UT with AE about 140 nT. During the first two activations the satellite was on the nightside moving toward dawn. The observed fluxes are plotted in Figure 3 at 0100 UT (0600 UT) as fluxes before the AE peak (black lines) and at 0220 UT (0720 UT) as fluxes at the AE peak (dashed black lines) for (a) the first and (b) second peak, respectively. The first activation did not lead to a significant increase of the observed 15-50 keV electron fluxes ( Figure 3a, right) ; it resulted in even lower fluxes at the AE peak than before the peak. The second peak in AE corresponded to the evident increase of 1 order of magnitude in the observed fluxes in all five energies as compared to the fluxes before the activation (Figure 3b, right) . We must keep in mind that during the second AE increase, the satellite was not at midnight but well at dawn. During the third activation, the satellite was near noon, so no peaks are seen in the observed fluxes.
[25] Figure 2d presents the modeled electron fluxes obtained using IMPTAM by following the electron distribution from 10 R E with Tsyganenko and Mukai [2003] boundary conditions to the AMC 12 orbit in the combination of the Tsyganenko T96 magnetic field and Boyle et al. [1997] electric field models. We start simulations on 24 November 2011 at 1200 UT with an empty magnetosphere. We allow the model to run for 12 h to produce an initial state. For the higher energy range from 15 to 50 keV, the obtained values differ from the observed ones. The closest to the observed values is the electron flux for energies of 39.7-50.7 keV, with the averaged value of 10 1 #/(cm 2 sec sr eV). The largest difference is seen for the electron fluxes with energies of 15-19.1 keV: The modeled flux reaches 10 3 #/(cm 2 sec sr eV) in average, while the observed peak value is 5.5 10 2 #/(cm 2 sec sr eV) (Figure 2c ). At the same time, similar to the observations, the flux with the highest energy (39.7-50.7 keV) is the smallest, whereas the flux with lowest energy (15-19.1 keV) has the largest values.
[26] The modeled fluxes are plotted in Figure 3 , similar as for the observed fluxes, as fluxes before the AE peak (blue lines) and as fluxes at the AE peak (dashed blue lines) for (a) the first and (b) second peaks. For 15-50 keV electrons, the modeled electron fluxes do not show any peaks corresponding to the observed ones. For the first AE peak (Figure 3a , right), when no increase but rather decrease of fluxes is seen at the AE peak, the model fluxes also show a slight decrease. For the second AE peak (Figure 3b, right) , there is a very small increase in the modeled fluxes at the AE peak as compared to the modeled fluxes before the AE peak but not a significant increase corresponding to observations.
[27] Next, Figure 2e shows the behavior of the observed electron fluxes in the last five energy ranges, from 5 to 15 keV. The noticeable difference from Figure 2c is the presence of a peak corresponding to the first increase in AE. Around 0200 UT, when fluxes of the 15-50 keV electrons have a minimum, fluxes in four energy ranges from 12 to 4 keV increase rather sharply. Compared to the fluxes before the activation, the fluxes reached in their peak the increase of 2 orders of magnitude. In Figure 3a (left), a clear jump of the observed fluxes at the AE peak is present, while no difference between the before AE peak and at AE peak fluxes is seen for 11.8-15 keV electrons. Thus, the first peak corresponding to the first increase in AE was observed only in electron fluxes with energies below 12 keV. The satellite was very close to midnight at that time.
[28] In the peak corresponding to the second AE increase, the observed fluxes of all five energies reached values of 7 -11 10 2 #/(cm 2 sec sr eV), less than an order of difference as for higher energies in Figure 2c . A sharp increase in the fluxes from about 2 -4 10 1 #/(cm 2 sec sr eV) was seen only for electrons with energies from 15 to 7 keV. Two lower energy channels showed a more gradual increase and also a gradual decrease. The fluxes stayed increased for a longer time, they all became of the same magnitude of 3.5 10 2 #/(cm 2 sec sr eV) again only after 7 h, whereas for the peak in Figure 2c , it took 3 h. As can be seen in Figure 3b (left) before the AE peak, the fluxes of lower energy electrons (< 7 keV) were of one order of magnitude higher than the fluxes with other energies and their increase at the AE peak was different as was mentioned above.
[29] Figure 2f presents the modeled electron fluxes for the energy ranges as in Figure 2e . Similar to Figure 2d , the modeled electron fluxes do not show any peaks corresponding to the observed ones (see also Figure 3b , left). The values of the modeled fluxes are about 1 order of magnitude higher in average than the observed ones. The flux of electrons with energies of 11.8-15 keV is the lowest, whereas the flux of electrons with energies of 4.81-5.74 keV is the highest.
[30] IMPTAM includes three models, namely, for boundary conditions, magnetic and electric fields, which depend on IMF and solar wind parameters and Dst. The variations in the modeled fluxes are determined by the variations of the models' parameters. Since no variations were observed in IMF B y and B z , solar wind velocity, number density and dynamic pressure, and Dst index, the model fluxes do not change much. The observed peaks cannot be reproduced in IMPTAM by the changes in driving conditions for the modeled electrons; it is not the drifts caused by the large-scale electric and magnetic fields.
Presence of Variations in Solar Wind and IMF Parameters Driving the Model
[31] Figure 4 presents another example of the low-energy electron fluxes measured onboard AMC 12. We will concentrate on the end of 28 November to the beginning of 29 November. Almost the whole day on 28 November was very quiet with IMF B z close to zero, with solar wind dynamic pressure of 1 nPa, Kp = 0, and no increases in AE. Starting from 2200 UT, IMF B z turned southward and reached -12 nT in 1 h (Figure 4a ). At the same time AE started to rise and became about 440 nT at about 2315 UT (Figure 4b) . IMF B z became positive at the end of 28 November and reached 13 nT around 0300 UT on 29 November. By that time the AE index decreased to its undisturbed level after reaching 480 nT.
[32] The observed electron fluxes with energies from 15 to 50 keV were at the level of 10 1 #/(cm 2 sec sr eV) on average. Close to the time when IMF B z started to become negative and AE to rise, there is a drop in the fluxes to very small values of several units of #/(cm 2 sec sr eV) right close to the end of the day (Figure 4c ). This dropout is seen for lower energies, too, from 4 to 15 keV (Figure 4e) . After the dropout, the simultaneous increase of the observed fluxes is seen for all energies. This jump in the flux was from 2 orders of magnitude for the energies from 15 to 19.1 keV to 4 times for the energies from 39.7 to 50.7 keV. The increase was even more significant for lower energies, being about 3 orders of magnitude for the lowest energy of 4.81-5.74 keV and 2 orders of magnitude for the energies of 11.8-15 keV. After that there were two more drops and increases corresponding to IMF B z decreases and peaks in AE, the lower the energy, the smaller the variations.
[ [34] The modeled electron fluxes show the variations for which the changes of model parameters are responsible (Figures 4d and 4f) . During the quiet period on 28 November, there are not many variations seen in the modeled fluxes, and the values are similar to those for 25 November (see Figures 2d and 2f) . At the end of the day on 28 November, there is a sharp increase of all fluxes at around 2200 UT followed by a decrease until about 00 UT on 29 November. This behavior corresponds to the observations (Figures 4c and 4e) . The following peaks, which occurred at the beginning of 29 November, 0000-0200 UT, are not reproduced since they are associated with substorm activity.
[35] At about 0600 UT on 29 November the IMF B z turned southward again but reached only -5 nT. During this time, the AE index started to increase with peak of 660 nT around 0900 UT. The satellite was on the dawnside moving toward dayside. A simultaneous increase of electron fluxes in all energy channels, more sharp for higher energies, was observed around 0700 UT. This increase was followed by another increase seen mainly for the highest energies, from 50 to 19 keV. For these energies, the increase was of about 2 orders of magnitude, from 2 10 0 #/(cm 2 sec sr eV) to 2 10 2 #/(cm 2 sec sr eV). No significant increase was observed for the electron fluxes with energies below 15 keV. This peak on 0600-1200 UT was not reproduced either, except for the flux drop at around 0600 UT, which corresponds to the observations. No significant variations were seen in solar wind and IMF parameters, which could have driven the models inside IMPTAM to reproduce the observed peak. [36] The observed variations in the electron fluxes can be reproduced in IMPTAM by the changes in driving conditions for the modeled electrons, if the model parameters show changes big enough (for 29 November 2011 they were such that IMF B z = -11 nT, V sw = 530 km/s, P sw = 6 nPa, Kp = 4, AE = 500 nT, Dst = -20 nT).
Representation of Substorm Activity 5.3.1. Substorm-Associated Impulsive Electric and Magnetic Fields
[37] In addition to the large-scale fields, transient fields associated with the dipolarization process in the magnetotail during substorm onset are included similarly as in Ganushkina et al. [2005 Ganushkina et al. [ , 2013 . In our study, we use the Li et al. [1998] model with modifications for pulse velocity introduced by Sarris et al. [2002] to represent the dipolarization process. The dipolarization was modeled as an earthward propagating electromagnetic pulse of localized radial and longitudinal extent. During this dipolarization process, the northward equatorial magnetic field increases due to a temporally and spatially varying westward electric field. The electric field is modeled as a time dependent Gaussian pulse with a purely azimuthal electric field component that propagates radially inward at a decreasing velocity, decreases away from midnight, and is partially reflected near the plasmapause. The earthward propagation speed decreased as the pulse moved inward to mimic the breaking of the flows. According to Li et al. [1998] , each pulse lasts about 10 min.
[38] In the spherical coordinate system (r, Â , ), where r = 0 at the center of the Earth, Â = 0 defines the equatorial plane, and = 0 is at local noon (positive eastward), the electric field is given by
where = [r -r i + v(r)(t -t a )]/d determines the location of the maximum value of the pulse, v(r) = a + br is the pulse front velocity as a function of radial distance r, d is the width of the pulse, c 1 (> 0) and p(> 0) describe the local time dependence of the electric field amplitude, which is largest at 0 , t a = (c 2 /v a )(1 -cos( -0 )), represents the delay of the pulse from 0 to other local times, c 2 determines the magnitude of the delay, v a is the longitudinal speed of the pulse (assumed constant),and r i is a parameter in the simulation that determines the arrival time of the pulse.
[39] We launch a pulse at each substorm onset during the period of a modeled storm. We show the results for 25 November 2011 here for detailed discussion, since other time periods had similar features and are not shown here. The substorm onsets and the peaks have been automatically detected by a routine that locates steep gradients and local maxima in the AL and AE indices [Amariutei and Ganushkina, 2012] . The amplitude of the pulse has been scaled accordingly to the amplitudes of the AE peaks. Figure 5 shows the AE index for the 24-25 November 2011 modeled event with times of substorm onsets marked by vertical lines and, Table 1 presents the times of substorm onsets, corresponding peak magnitudes of the AE index, and amplitudes E 0 of the launched pulses. 
Substorm-Related Effects on Electron Fluxes on 25 November 2011
[40] As was shown above, the variations of model parameters in IMPTAM are so small for the rather quiet event on 24-30 November 2011 that the substorm activity seen in the AE index can be responsible for the observed variations in low-energy electron fluxes. We focus on the modeling of 24-25 November 2011 period, and in addition to the large-scale electric and magnetic fields, we launched several electromagnetic pulses at substorm onsets determined as sharp increases in the AE index ( Figure 5 ) with amplitudes given in Table 1 .
[41] Figure 6 presents the results by comparing electron fluxes observed (a and c) by the AMC 12 CEASE II ESA instrument at geostationary orbit and modeled ones (b and d) during 12 h of 25 November 2011. The addition of substormassociated pulses did change the pattern of modeled electron fluxes. The observed peaks were mostly captured but not with the correct timing. For higher-energy fluxes (Figure 6b) , there is an increase around 0130-0300 UT, when the satellite was near midnight. The modeled fluxes showed a rise of about 1.5 orders of magnitude. This increase was due to the pulses coming at the end of 24 November to the beginning of 25 November. Since the pulses are launched on the nightside, the modeled fluxes experience their influence very clearly. The observed fluxes did not show the increase as big as seen in the modeled fluxes. At the same time, there is an observed peak in the energies higher than 30 keV around 0500 UT, and it was reproduced by the model. The more pronounced peak around 0700-0800 UT was also captured with similar dependence of a more narrow peak for higher energies (>30 keV) and a broader peak for smaller energies (15-30 keV), as observed.
[42] For lower energies (Figure 6d ), the modeled fluxes show the increases which correspond to the observed ones but these increases are seen for all energy ranges. The increase, which is seen around 0130 UT, is captured by the model but with fluxes higher by an order of magnitude. Observations show that the increase happens only for the energies smaller than 11.8 keV. Another increase with broad peak which corresponds to the observations is seen around 0600-0630 UT. This later increase corresponds to the satellite position on the dawnside and is due to the particles accelerated by the pulse launched around 0600 UT ( Figure 5) .
[43] The modeled fluxes with addition of pulses are plotted in Figure 3 , similar as for the observed fluxes and fluxes modeled without addition of pulses, as fluxes before the AE peak (red lines) and as fluxes at the AE peak (dashed red lines) for the (a) first and (b) second peaks. The modeled fluxes are elevated before the first AE peak (Figure 3a) due to the presence of pulses on 24 November, and they are more close to the observed fluxes at the AE peak. At the first AE peak the modeled fluxes show the increase in all energies, even for 15-50 keV electrons which, as it is observed, do not increase. Before the second AE peak (Figure 3b) , the modeled fluxes are very close to the observed ones for > 25 keV electrons. At the AE peak modeled fluxes for all the energies are increased by an order of magnitude.
[44] The variations of the observed fluxes during this nonstorm period are due to substorm activity. The substormassociated increases in the observed fluxes can be captured when substorm-associated electromagnetic fields are taken into account.
Discussion
[45] The analysis of measured electron fluxes in 10 energy ranges (from 5 to 50 keV) on board the AMC 12 geostationary spacecraft by the CEASE II ESA instrument during quiet event, and the output of the IMPTAM modeling has revealed very interesting results. The variations of fluxes for electrons in 10 energy ranges as observed by the CEASE II ESA instrument were present even though no significant, storm-related variations were seen in the solar wind and IMF parameters. The peaks were clearly associated with substorm activity as seen in the AE index. The behavior of the fluxes depends on the electron energy. If the satellite is near midnight (Figure 2 ) when a substorm is developing (as seen in AE), then the corresponding peak is seen in the fluxes of electrons with lower energies starting only from the channel of 9.27-11.8 keV and down to the channels with lowest energies of 4.81-5.74 keV. No peaks are seen for the energies above 11.8 keV.
[46] The peaks in all energy channels are seen when the satellite is on the dawnside, moving toward noon, as it happened on 25 November (Figure 2 ), 27 November (data not shown), and 29 November (Figure 4) . With the growth of the AE index, the fluxes of all energy channels show the simultaneous increase. The fluxes with energies below 15 keV stay increased until the AE index comes back to undisturbed values. The fluxes with energies above 19 keV decrease while AE index increases and then show a peak again at the time of AE maximum. Especially, it is clearly observed for the energy channels of 31.1-39.7 keV and 39.7-50.7 keV.
[47] Particle energy and configuration of electric and magnetic fields which particle moves in determine, among the others factors, its access to geostationary orbit [Korth et al., 1999] . The Alfvén layers, i.e., the boundary between open and closed drift paths, for 5-50 keV charged particles intersect geosynchronous orbit at locations that depend on them. Lower energy particles, for which the Alfvén layers are located closer to the Earth, experience a sudden increase in flux, while higher-energy particles remain constant, possibly because the particles cannot access the observing location. It can be clearly seen in Figures 2c and 2e , where increase in fluxes were present only for electrons with energies below 11.8 keV during first increase in the AE index. Changes in the electric field pattern may significantly modify the access to a given location.
[48] We must stress once again that the absolute flux values presented here may not be correct due to uncertainties in the sensor geometric factors. We compare the observed and modeled fluxes keeping this in mind. As a result of the comparison of modeled fluxes to the CEASE II ESA observations, we found that the observed peaks cannot be reproduced (Figures 2, 4) by the set of background magnetic and electric field models and boundary conditions used in IMPTAM for this event. IMPTAM is driven by the variations in the solar wind and IMF via the dependence of the background magnetic and electric field models and boundary conditions on the solar wind number density, velocity, dynamics pressure, IMF components, and Dst index. If no significant variations are seen in these parameters, no observed peaks can be represented. The 24-30 November 2011 event was quiet, nonstorm (Figure 1) , with no variations in the solar wind and IMF parameters which could have driven IMPTAM. At the same time, the observed fluxes showed increases and peaks during this quiet period.
[49] The averaged model fluxes were found to be different from the observed ones. The smaller the electron energy, the larger the flux difference, reaching 3 orders of magnitude for 4.81-5.74 keV electrons, 2 orders of magnitude for 15-19.1 keV electrons, and being close for 37.9-50.7 keV electrons. As was discussed in Ganushkina et al. [2013] , the difference cannot be explained by inaccuracy of the field models, since it was present for all combinations of electric and magnetic field models used in the study by Ganushkina et al. [2013] . Apart from the possibility of incorrect values for the measured fluxes mentioned above, one additional explanation is that the boundary conditions we used at 10 R E were adapted from the empirical model derived from Geotail data by Tsyganenko and Mukai [2003] for ions. We used the same number density as for ions and for electron temperature we just set Te/Ti = 0.2. According to recent studies based on Geotail data analysis [Wang et al., 2011] , the ratio Te/Ti can vary during disturbed conditions. Furthermore, there was no MLT dependence in the kappa distribution with n and T parameters from the Tsyganenko and Mukai [2003] model, which is also not the case according to the observations [Wang et al., 2011] . Thus, the model we used for boundary conditions has a number of limitations. However, it is currently the best analytical model that can be used for time-dependent boundary conditions at 10 R E in the plasma sheet. The use of more accurate analytical models for boundary fluxes may significantly improve the simulation results.
[50] Another important issue is the representation of the loss processes for modeled electrons to the atmosphere due to the resonant pitch-angle scattering by chorus waves. Chorus waves are excited by the anisotropy of low-energy electrons, which are injected into the inner magnetosphere during the periods of enhanced convection [Meredith et al., 2001; Lyons et al., 2005] . Interactions with chorus waves lead to electron pitch angle scattering into the loss cone, where they are removed within a quarter bounce time [Horne and Thorne, 2003] . Our modeling included loss processes similar to Shprits et al. [2007] and Chen et al. [2005] . Introducing the loss processes due to wave-particle interactions in a proper way is important for low-energy electrons and will be part of our future study.
[51] Since no variations were observed in the solar wind and IMF parameters for, for example, 25 November 2011 (Figure 2 ), but the peaks were present in the observed electron fluxes, they can be associated with substorm activity seen in the AE index. The large-scale background electric and magnetic fields used in IMPTAM do not have the effect of substorm variations; therefore, the peaks were not reproduced by IMPTAM. The substorm-associated electromagnetic fields play a significant role in the electron transport and acceleration from the plasma sheet to the inner magnetosphere [Ganushkina et al., 2013] , and they must be taken into account when modeling the electron population. As can be seen in Figure 6 , the increases in the modeled fluxes correspond to the pulses launched at about those times ( Figure 5 and Table 1 ).
[52] Other studies have used a similar representation of electromagnetic pulses by Li et al. [1998] or Sarris et al. [2002] , and good agreement with the observed dispersionless electron injections at geostationary orbit was obtained [Ingraham et al., 2001; Li et al., 2003; Mithaiwala and Horton, 2005; Liu et al., 2009] . Isolated substorms during nonstorm times can be very different from storm-time substorms . Modifications are needed for the pulse model. As was mentioned in Ganushkina et al. [2013] , the linear dependence of the pulse's velocity on R E , the arrival time of the pulse, the azimuthal extent, and the impact location [Sarris and Li, 2005] must be changed to fit observations [Reeves et al., 1996; Ohtani, 1998; Sergeev et al., 1998 ]. Other possible reasons for the discrepancies between the modeled fluxes with pulses and the observed ones may be that (1) the injection did not start at the start radial distance and/or time of the model pulse, (2) the injection did not happen at the modeled pulse peak at midnight but at other MLTs, (3) the electric field amplitude is not directly proportional to the AE index used for simulations, and (4) the width of the pulse is different from the model settings. All of these are parameters that can be fine tuned and perhaps parameterized with empirically based functional forms.
[53] Since the absolute values of measured fluxes may not be relevant for the direct comparison with the modeled fluxes, Figure 3 can be analyzed in terms of the slopes of the presented flux-energy spectra before and at AE peaks. It should be also mentioned that similar behavior of the observed and modeled fluxes was obtained for 27 November and 28-29 November (now shown). The model results with pulses clearly correspond to the shift of electrons with all energies inward and their energization due to action of pulses. For the second AE peak, the observed fluxes show a similar trend in the slopes suggesting that it was the action of a substorm injection, which pushed the electrons and energized them. For the first peak, the situation is not so clear. This can mean that the injection was weak and that the gradient-curvature drift turned the higher-energy electrons away from reaching the geosynchronous orbit. On the other hand, the pulse can be eastward of the satellite, and so only the lowest-energy electrons, that penetrate the deepest, were seen by the AMC 12, while the higher-energy electrons had already started their gradient-curvature drift eastward and missed the satellite. In any case, the clear increase in all 10 energy channels simultaneously is observed when the satellite was at dawn with an AE peak present at that time.
Conclusions
[54] We investigated the low-energy (5-50 keV) electron transport and acceleration from the plasma sheet to geostationary orbit. These fluxes constitute the low-energy part of the seed population for the high-energy MeV particles and can also provide energy for chorus waves. Moreover, energetic electrons with energies less than about 100 keV are responsible for hazardous space weather phenomena such as surface charging. We specifically studied the role of largescale convection and influence of the substorm-associated electromagnetic fields on the modeled electron fluxes at geostationary orbit. We used the Inner Magnetosphere Particle Transport and Acceleration model (IMPTAM) [Ganushkina et al., , 2006 for electrons [Ganushkina et al., 2013] with the boundary at 10 R E , where we set boundary conditions for the electrons based on Tsyganenko and Mukai [Tsyganenko and Mukai, 2003] model. We modeled one rather quiet, nonstorm event on 24-30 November 2011, when the presence of isolated substorms was seen in AE index. The output of the IMPTAM modeling is compared to the observed electron fluxes in 10 energy ranges (5-50 keV) measured on board the AMC 12 spacecraft by the CEASE II ESA instrument. We presented the data and modeling results for 25 November and 28-29 November 2011 time intervals.
[55] Keeping the points discussed above in mind, the conclusions are as follows:
[56] 1. The variations of fluxes for low-energy electrons (5-50 keV) as observed by CEASE II ESA instrument onboard AMC 12 satellite during nonstorm period are due to substorm activity. The behavior of the fluxes depends on the electron energy. The increase of electron fluxes corresponding to the increase in the AE index is observed only for energies below 11.8 keV, when the satellite was near midnight. When the satellite was on the dawnside, moving toward noon, the fluxes with all the energies show the simultaneous increase with the growth of the AE index. The fluxes with energies below 15 keV stay increased until the AE index comes back to undisturbed values. The fluxes with energies above 19 keV decrease while AE index increases and then show a peak again at the time of AE maximum.
[57] 2. IMPTAM driven by the parameters such as IMF B y and B z , solar wind velocity, number density and dynamic pressure, and Dst index is not able to reproduce the observed peaks in the electron fluxes, when no significant variations are present in those parameters. No simple drifts in the largescale electric and magnetic fields can be applied.
[58] 3. The observed variations in the electron fluxes can be reproduced if the model parameters show changes big enough (for 29 November 2001 IMF B z = -11 nT, V sw = 530 km/s, P sw = 6 nPa, Kp = 4, AE = 500 nT, Dst = -20 nT).
[59] 4. The substorm-associated increases in the observed fluxes can be captured when substorm-associated electromagnetic fields are taken into account. Modifications of the pulse model by Sarris et al. [2002] used here are needed, especially related to the pulse front velocity and arrival time.
[60] The ability to explain and, in the future, to predict the variations of low-energy electrons at any location in the inner magnetosphere is crucial for dealing with surface charging of satellites. As it was shown, even during quiet periods with moderate substorm activity, a clear increase in the spacecraft potential magnitudes was detected with a corresponding increase in low-energy electron fluxes.
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